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Functional metagenomics reveals ®

differential chitin degradation and
utilization features across free-living and
host-associated marine microbiomes
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Abstract

Background: Chitin ranks as the most abundant polysaccharide in the oceans yet knowledge of shifts in structure
and diversity of chitin-degrading communities across marine niches is scarce. Here, we integrate cultivation-
dependent and -independent approaches to shed light on the chitin processing potential within the microbiomes
of marine sponges, octocorals, sediments, and seawater.

Results: We found that cultivatable host-associated bacteria in the genera Aquimarina, Enterovibrio, Microbulbifer,
Pseudoalteromonas, Shewanella, and Vibrio were able to degrade colloidal chitin in vitro. Congruent with enzymatic
activity bioassays, genome-wide inspection of cultivated symbionts revealed that Vibrio and Aquimarina species,
particularly, possess several endo- and exo-chitinase-encoding genes underlying their ability to cleave the large
chitin polymer into oligomers and dimers. Conversely, Alphaproteobacteria species were found to specialize in the
utilization of the chitin monomer N-acetylglucosamine more often. Phylogenetic assessments uncovered a high
degree of within-genome diversification of multiple, full-length endo-chitinase genes for Aquimarina and Vibrio
strains, suggestive of a versatile chitin catabolism aptitude. We then analyzed the abundance distributions of chitin
metabolism-related genes across 30 lllumina-sequenced microbial metagenomes and found that the
endosymbiotic consortium of Spongia officinalis is enriched in polysaccharide deacetylases, suggesting the ability of
the marine sponge microbiome to convert chitin into its deacetylated—and biotechnologically versatile—form
chitosan. Instead, the abundance of endo-chitinase and chitin-binding protein-encoding genes in healthy
octocorals leveled up with those from the surrounding environment but was found to be depleted in necrotic
octocoral tissue. Using cultivation-independent, taxonomic assignments of endo-chitinase encoding genes, we
unveiled previously unsuspected richness and divergent structures of chitinolytic communities across host-
associated and free-living biotopes, revealing putative roles for uncultivated Gammaproteobacteria and Chloroflexi
symbionts in chitin processing within sessile marine invertebrates.
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sector.

microbe interactions

Conclusions: Our findings suggest that differential chitin degradation pathways, utilization, and turnover dictate
the processing of chitin across marine micro-niches and support the hypothesis that inter-species cross-feeding
could facilitate the co-existence of chitin utilizers within marine invertebrate microbiomes. We further identified
chitin metabolism functions which may serve as indicators of microbiome integrity/dysbiosis in corals and reveal
putative novel chitinolytic enzymes in the genus Aquimarina that may find applications in the blue biotechnology
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Background

Chitin, the polymer of (1 — 4)-p-linked N-acetylglucosamine
(GlcNAc), is the most abundant polysaccharide in the marine
environment [1]. Chitin does not accumulate in marine habi-
tats as it is hydrolyzed by microorganisms that can use it as a
carbon, nitrogen, and/or energy source [2]. This process is
often mediated by chitinolytic enzymes, named chitinases,
that hydrolyze the p-1,4 glycosidic bonds between the
GlcNAc residues, producing chito-oligosaccharides (COSs).
There are two types of chitinases: endo-chitinases (EC
3.2.1.14) that cleave chitin randomly at internal sites, generat-
ing diverse oligomers of GIcNAc such as chitotriose and chit-
otetraose; and exo-chitinases (EC 3.2.1.52) that can be further
divided into two subtypes: chitobiosidases, which catalyze the
progressive release of chitobiose, starting at the non-reducing
end of the chitin microfibril; and N-acetyl-B-glucosaminidases
or chitobiases, which cleave the oligomeric products of endo-
chitinases and chitobiosidases, generating monomers of
GlcNAc [3]. Endo-chitinases are classified into two glycoside
hydrolase families, GH18 and GH19, based on amino acid se-
quence homology ([4] and refs. therein). They are commonly
extracellular enzymes while the exo-chitinase N-acetyl-p-glu-
cosaminidase frequently acts inside the bacterial cell [2]. The
chitin derivative chitosan, formed via deacetylation, can be as
well partially hydrolyzed by endo-chitinases if acetylated units
remain in the polymer. Both endo- and exo-chitinases and
their products have properties that bear promise for the de-
velopment of new appliances in the food, medical, and agri-
cultural sectors (for an overview see refs. [5-12]).

Despite our awareness of the relevance of chitin degrad-
ation to biogeochemical cycling across marine [2], freshwater
[2, 13], and land [14, 15] ecosystems, current understanding
of the abundance, diversity, and composition of chitin-
degrading microorganisms across distinct biotopes is scarce.
For marine biomes, particularly, we lack accurate documen-
tation of how chitinolytic microbial communities—and pre-
vailing chitin degradation pathways—may shift across
environmental gradients and host-associated versus free-
living settings, limiting our ability to envision and model pat-
terns of nitrogen and carbon cycling in the oceans.

Given their remarkable filter- and detritus-feeding activ-
ities and complex microbiomes, it is tempting to

hypothesize that sessile marine invertebrates host-
microbial symbionts which either degrade chitin or utilize
its degradation products. Indeed, detectable levels of exo-
chitinase activity were found in crude extracts of the octo-
coral Gorgonia ventalina [16]. Further, Yoshioka and col-
leagues identified two chitinase-like genes in the genome
of the scleractinian coral Acropora digitifera and reported
chitinolytic activity in seven coral species [17]. Therefore,
chitinases may be widely distributed in the coral holobiont
and could play a role in the animals’ immune response
against fungal infections as suggested elsewhere [18].
Streptomyces sp. strain DA11, retrieved from the marine
sponge Craniella australiensis, was found to produce anti-
fungal chitinases [19]. Recently, chitinase-encoding genes
have been identified in Aquimarina strains from marine
sponges, corals, sediments, and seawater [20, 21]. In
addition, it is known that the remarkable chitin-
degradation capacity of well-studied taxa such as Vibrio
species is a key factor underlying their global patterns of
distribution in the oceans [22] and, eventually, a generalist
behavior across free-living and host-associated habitats.
Taken together, these trends support the contention that
the microbiomes of sessile marine invertebrates may
contribute to ecosystem functioning by serving as natural
settings for chitin/COSs degradation. However, this hy-
pothesis remains largely underexplored despite the im-
portance of chitin breakdown for carbon and nitrogen
fluxes in the marine realm.

In this study, we integrate cultivation-dependent and
-independent analyses to shed light on the potential deg-
radation and utilization of chitin and its derivatives by
the microbiomes of marine sponges, octocorals, sedi-
ments, and seawater (hereafter designated “biotopes”)
and to determine whether chitin degrading assemblages
within these microbiomes are taxonomically and meta-
bolically distinct.

Results

Chitin degradation assays

Of the 41 marine sponge and octocoral bacterial associ-
ates tested in this study, 24 were found to degrade col-
loidal chitin on agar plates (Table 1). Among these, 12
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were isolated from marine sponges and 12 from octocor-
als, and high reproducibility was recorded among repli-
cates (n = 8 per strain). Results were highly dependent
on bacterial taxonomy instead of host origin. All
Aquimarina strains (n = 6) (phylum Bacteroidetes, class
Flavobacteria), and nearly all strains in the class Gam-
maproteobacteria—including all Enterovibrio (n = 2) and
Vibrio (n = 13) strains—were able to degrade colloidal
chitin regardless of their origin (Table 1). In contrast,
none of the Alphaproteobacteria strains, encompassing
eight formally described genera and three unclassified
Rhodobacteraceae spp., as well as Micrococcus sp.
Mcl10 (Actinobacteria), showed any chitin-degrading
activity on the agar plates.

Chitinase activity assays

Endo-chitinase (EC 3.2.1.14) activity and colloidal chitin
degradation results were overall congruent (Table 1).
Endo-chitinase activity was registered for 23 of the 24
strains that degraded chitin on agar plates, whereas no
endo-chitinase activity was recorded for 13 of the 17
strains unable to degrade colloidal chitin on agar plates
(Table 1). These few incongruencies likely result from
eventual sub-optimal experimental conditions for spe-
cific strains. All Vibrio and Enterovibrio strains displayed
both endo- and exo-chitinolytic activities and the cap-
acity to utilize all three substrates used in the enzymatic
bioassays (Table 1). Endo- and exo-chitinolytic activity
was also recorded for most Aquimarina strains (Table 1).
N-acetylglucosaminidase activity was documented for
five of the 12 Alphaproteobacteria strains tested, encom-
passing members of the genera Ruegeria, Pseudovibrio,
Labrenzia, and Kiloniella (Table 1). PCR amplification
of chiA gene fragments—targeting “group A” within gly-
cosyl hydrolase family 18 (GH18) endo-chitinases (see
the “Methods” section) was considered a good indicator
of endo-chitinolytic activity by Vibrionaceae and Aqui-
marina strains (Table 1). However, no chiA gene ampli-
cons could be retrieved for gammaproteobacterial
genera out of the Vibrionaceae family, namely, chitin-
degrading strains Shewanella Sw66, Microbulbifer Mb45,
and Pseudoalteromonas Pa284 (Table 1).

Chitin metabolism encoded on the genomes of bacterial
associates of marine sponges and octocorals

In general agreement with phenotypic assays, while the
predicted proteomes (ie., Pfam annotations) of Vibrio,
Aliivibrio, and Aquimarina species all possessed several
endo- (EC 3.2.1.14) and exo-chitinase (EC 3.2.1.52) cata-
lytic domains, those of Alphaproteobacteria species usu-
ally lacked them (Fig. 1). Noteworthy was the high
number of endo-chitinases of the GH18 family predicted
for the three abovementioned genera, with Vibrio and
Aliivibrio strains possessing types A and C GHI18
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chitinases, not verified among Aquimarina strains. Chiti-
nases of the GH19 family were likewise found for all
strains from these three genera (see also Fig. 2). Vibrio
and Aliivibrio species possessed the most versatile genetic
machinery for the utilization of chitin and its derivatives
according to Pfam-based annotations. Both genera
displayed genes encoding diverse protein domains re-
quired for chitin and chitobiose cleavage as well as N-
acetylglucosamine utilization (Fig. 1), including numerous
chitobiose-specific ~ transport  systems and  N-
acetylglucosamine binding proteins not documented for
Aquimarina. Interestingly, potential for chitin deacetyla-
tion into chitosan could be inferred for all strains (except
Aliivibrio sp. EL58) due to the presence of polysaccharide
deacetylases in their predicted proteomes (Fig. 1). Like-
wise, using glucosamine-6-phosphate isomerase detection
as proxy, Pfam annotations revealed the potential of all
strains (except Kiloniella sp. EL199) to utilize N-acetyl
glucosamine (Fig. 1). Overall, the type and number of pro-
tein domains involved in the metabolism of chitin and its
derivatives were found to differ in a taxon-dependent
manner. While deacetylation and GlcNAc utilization
potential were traits common to all genomes, chitin
degradation capacities (endo- and exo-) were pro-
nounced features of Vibrio, Aliivibrio, and Aquimar-
ina genomes (Fig. 1). Details on all Pfam entries
employed to build Fig. 1 and their distributions across
the examined genomes are provided as Supplementary
information (Additional file 1: Table S1). In contrast
with Pfam-based annotations, RAST annotations re-
vealed potential exo-chitinase activity for three (in-
stead of one) Alphaproteobacteria genomes, showing
as well that Alphaproteobacteria spp. often carried
genes involved in N-acetylglucosamine utilization and
transport with specific GIcNAc ABC transporters
(Additional file 2, Figure S1).

Relative abundance of culturable chitin degraders in
sponge and octocoral microbiomes

In agreement with previous studies [23-25], 16S
rRNA gene-based estimates of relative abundance re-
vealed that the culturable bacterial genera analyzed
here correspond to a minor portion of the total mi-
crobial metagenome in sponges and octocorals (Add-
itional file 1: Table S2). This seems particularly true
for sponges where such estimates did not surpass the
0.02% threshold, while genera such as Pseudoaltero-
monas, (1.05%), Shewanella (0.75%), Vibrio (0.42%),
and Aquimarina (0.34%), all possessing chitinolytic
activity, did amount to much higher proportions in
the healthy octocoral microbiome. Interestingly, sev-
eral cultivated taxa displayed increased abundances in
necrotic versus healthy octocoral tissue (Additional
file 1: Table S2), of which we highlight Aquimarina
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Table 1 Chitin and chitin-derivative degradation capacities of marine sponge and octocoral-derived bacterial isolates

Strain Identity Isolation source® Chitin Chitinase activity (units/mL)¢ chiA Genome
degradation® Endos3 Exos1 Ex0S2 PCR? sequence®

Mc110 Micrococcus sp. Sarcotragus spinosulus No

EL33 Aquimarina sp. Eunicella labiata ++ + ++ + FLRG0O0000000.1

EL43 Aquimarina sp. Eunicella labiata ++ + ++ + No

Aq349 Aquimarina sp. Sarcotragus spinosulus ++ + + + OMKB00000000.1

Aq78 Aquimarina sp. Sarcotragus spinosulus ++ + + + OMKA00000000.1

Aq135 Aquimarina sp. Ircinia variabilis + + + + OMKE00000000.1

Aq107 Aquimarina sp. Sarcotragus spinosulus + + OMKC00000000.1

EL57 Aliivibrio sp. Eunicella labiata + + + No

EL58 Aliivibrio sp. Eunicella labiata ++ + OMPC00000000.1

EL24 Enterovibrio sp. Eunicella labiata ++ + + + + No

EL37 Enterovibrio sp. Eunicella labiata ++ + + + + No

EL22 Vibrio sp. Eunicella labiata ++ ++ + + + No

EL36 Vibrio sp. Eunicella labiata + + + + + No

EL38 Vibrio sp. Eunicella labiata ++ ++ + + + No

EL41 Vibrio sp. Eunicella labiata ++ + + + No

EL49 Vibrio sp. Eunicella labiata ++ + + + + No

EL62 Vibrio sp. Eunicella labiata + + + + + No

EL67 Vibrio sp. Eunicella labiata + ++ + + + No

EL112 Vibrio sp. Eunicella labiata ++ + + + + No

Vb255 Vibrio sp. Sarcotragus spinosulus ++ + ++ + + Yes®

Vb258 Vibrio sp. Sarcotragus spinosulus ++ + ++ + + Yes'

Vb341 Vibrio sp. Sarcotragus spinosulus + + + + - No

Vb339 Vibrio sp. Sarcotragus spinosulus + + + + + GCA_902751245.1

Vb278 Vibrio sp. Sarcotragus spinosulus ++ ++ + + + CVNE00000000.1

Cw315 Colwellia sp. Sarcotragus spinosulus + No

Pa284 Pseudoalteromonas sp. Sarcotragus spinosulus + + ++ No

EL12 Shewanella sp. Eunicella labiata + ++ + No

Sw66 Shewanella sp. Sarcotragus spinosulus + + + ++ No

Mb45 Microbulbifer sp. Sarcotragus spinosulus ++ + + + No

EL27 Pseudophaeobacter sp. Eunicella labiata OMPQ00000000.1

EL26 Roseovarius sp. Eunicella labiata OUMZ00000000.1

ELO1 Ruegeria sp. Eunicella labiata OMPS00000000.1

Rg50 Ruegeria sp. Sarcotragus spinosulus + No

EL44 Sulfitobacter sp. Eunicella labiata OMPT00000000.1

EL53 uncl. Rhodobacteraceae Eunicella labiata + OMPR00000000.1

EL129 uncl. Rhodobacteraceae Eunicella labiata ONZJ00000000.1

Ph222 uncl. Rhodobacteraceae Ircinia variabilis No

EL143 Labrenzia alba Eunicella labiata + + 0OGUZ00000000.1

Pv125 Pseudovibrio sp. Sarcotragus spinosulus ++ No

EL199 Kiloniella sp. Eunicella labiata + + OMPU00000000.1

EL138 Sphingorhabdus sp. Eunicella labiata OGVD00000000.1

Eunicella labiata: octocoral; Sarcotragus spinosulus and Ircinia variabilis: marine sponges

PChitin degradation observed as halo formation on colloidal chitin-containing agar plates: ++ halo-radius

acetylglucosaminidase activity; ExoS2 = exo-chitinase chitobiosidase activity): ++

1U/mL, + 0.01 and <1U/mL

8 mm, + halo-radius

1mm and <8 mm
Chitinase activity measured in Units/ml on bacterial culture supernatants (EndoS3 = endo-chitinase activity) or cell extracts (ExoS1 = exo-chitinase -N-

4PCR-based amplification of the chiA gene fragments. Accession numbers are provided for genome sequences available on NCBI
¢fUnpublished draft genomes
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Fig. 1 Annotation of chitin and chitin-derivative degradation and utilization genes in cultivated bacterial symbionts of sponges and octocorals. Nineteen
genomes available from the panel of 41 strains examined in this study are portrayed, spanning ten formally described and two potentially novel genera across
three bacterial classes. The phylogenetic tree on the bottom left is based on a maximum likelihood analysis (Generalized Time Reversible model) of the 165
RNA gene (16S rRNA gene accession numbers are given next to each strain name). Numbers at nodes represent values based on 300 bootstrap replicates. The
table on the right shows Pfam-based annotations for predicted protein domains involved in hydrolysis (endo-chitinases of GH families 18 and 19—EC 3.2.1.14,
chitin-binding proteins) and deacetylation (polysaccharide deacetylases) of the of the large chitin polymer (light green panel), hydrolysis (exo-chitinases, EC
3.2.1.52) of chitin non-reducing ends and chitobiose transport (light blue panel), and N-acetylglucosamine binding and utilization (blue panel); the latter function
represented by the presence of glucosamine 6-phosphate isomerases (EC 3.5996). These functional categories have been as well used to estimate the relative
abundance of CDSs involved in the breakdown and utilization of chitin and chitin derivatives across the sponge and octocoral metagenome datasets (Fig. 3).
Values in each cell of the table correspond to the number of Pfam domains detected for each functional category in each genome, whereby higher numbers
are highlighted in dark-gray shading. The upper left panel shows the molecular structure of chitin and chitosan. It highlights the N-acetyl group characteristic of
the chitin polymer, which is cleaved by deacetylases in the process of chitosan formation, and the cleaving sites of endo- and exo-chitinases along the chitin
chain. Superscript “1" corresponds to InterPro database entry IPRO02509 (see also Fig. 3) which describes the metal-dependent deacetylation of O- and N-
acetylated polysaccharides such as chitin, peptidoglycan, and acetylxylan

(20-fold increase), Vibrio (2-fold), Ruegeria (6-fold), coverage suggest that cultured symbionts correspond to
and unclassified Rhodobacteraceae (7-fold). These low abundance populations usually more abundant in the
trends were corroborated by strain-specific estimates of octocoral than in the sponge microbiome. Further, sharp
relative abundance based on genome-metagenome map-  increases in genome-wide estimates of abundance were
ping (Additional file 1: Table S3), carried out for all chiti-  observed for Aquimarina and diverse alphaproteobacterial
nolytic strains with sequenced genomes (Fig. 1). Indeed, strains in necrotic versus healthy octocoral tissue
both estimates of percent abundance and genome (Additional file 1: Table S3).
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